Abstract. The density of unoccupied electronic states in Cr. Fe and Ni has been measured employing bremsstrahlung isochromat spectroscopy (BIS) and soft x-ray appearance potential spectroscopy (SXAPS). The L,,, core levels were used for the SXAPS measurements. BIS data was taken in the ultraviolet region. the spectrometer energy being 9.7 eV. BIS spectra after proper correction for electron-hole pair production prior to the radiative process. show encouraging agreement with theoretical calculations and with the density of states derived from the corresponding SXAP spectra by recently developed deconvolution techniques.
Introduction
A considerable amount of previous work has been devoted to electron spectroscopy of occupied electronic states in solids. A comprehensive review of results obtained by the powerful UPS and XPS techniques has been given quite recently by Cardona and Ley (1978, 1979) . Comparatively few experiments have been carried out to measure the density of unoccupied electronic states. Appropriate experimental methods have been suggested by Nagel (1973) . Among these, BIS and SXAPS appear to be the most promising and direct approaches. These methods are not subject to selection rules as is, for example, x-ray absorption. They consequently reveal the total density of states while x-ray absorption measures only specific symmetry characters.
BIS is a conceptually simple approach to the experimental determination of the density of unoccupied electronic states in solids. It may be regarded as an inverse photoelectric effect (Dose 1977 , Pendry 1980 . The sample to be investigated Serves as the anode of an x-ray tube. An x-ray spectrometer, tuned to a fixed quantum energy hwo, records the bremsstrahlung yield as a function of the accelerating voltage across the tube. Those electrons with initial energy E with respect to the Fermi level of the anode, which undergo radiative transitions with emission of a quantum of energy hoo show up in final states in the conduction band of the sample at an energy E -hwo. Assuming a constant radiative transition matrix element, the transition probability will be proportional to the density of the final states. The measured yield will therefore directly reflect the density of empty one-electron states.
In the pioneering work of Ulmer (1973) , an x-ray monochromator with a pass energy in the keV region was used for energy selection. An elegant version of this classical set-up which could also be used for XPS measurements has been reported by ~305-4608/81/091801 + 09 $01.50 @ 1981 The Institute of Physics 1801 V Dose, T k Fauster and H Sckeidt Lang and Baer (1979) . A different approach in this energy region, making use of the step-like behaviour of the x-ray absorption coefficient in the vicinity of edges together with non-dispersive x-ray detection, has been used by Conrad et a/ (1979) and Dose and Scheidt (1981) . The spectrometer employed in this work, operating at a quantum energy of 9.7 eV, uses yet another principle. Energy-selective photon detection is accomplished by the proper combination of the absorption behaviour of CaF, in the ultraviolet and the photoelectron yield of molecular iodine in a Geiger-Muller counter (Dose 1977 , Denninger et a1 1979 . This spectrometer has a sensitivity higher by a factor of between lo3 and lo4 than those operating in the keV region.
SXAPS is a very old technique indeed (Richardson and Bazzoni 1921) . It owes its revival to Park el al (1970) who introduced modern principles of signal detection (Park and Houston 1974) . In SXAPS, the total soft x-ray emission of a sample under electron bombardment is measured as a function of incident electron energy. As the electron energy is varied, there occur small increases of the x-ray yield as the threshold for core level excitation is approached. At the threshold for core hole production, both the incident and the excited core electron are scattered to empty states above the Fermi level of the sample. Assuming constant transition matrix elements and sharp core hole states, the rate of core hole production P(E) is given within a one-electron picture by the autoconvolution of the conduction band density of empty states ~( 8 ) . E is the energy excess above the threshold energy (Park and Houston 1974) . In SXAPS, soft x-ray emission is recorded to monitor the rate of core hole production and the slowly varying background of non-characteristic bremsstrahlung is conveniently removed by potential modulation differentiation techniques. The resulting line-shape is then given by It has been a serious obstacle to SXAPS that the desired density of unoccupied states is related in this non-linear fashion to the observed signal. However, powerful and reliable inversion procedures for the integral equation (1) have been developed recently , Dose et a1 1981 . Successful application of these methods to SXAPS measurements on the 5d metals Hf, Ta and W has been reported (Boiziau et al 1979, Dose and Scheidt 1981) . A further successful application of the experimental and data reduction techniques mentioned above is described in the present study of the 3d metals Cr, Fe and Ni.
SXAP spectroscopy
The experiment was carried out in a small UHV system capable of a base pressure in the low 10-l' Torr region. A self-tuning SXAP spectrometer (Dose and Scheidt 1981) offering excellent stability was employed. Chromium and iron samples were cleaned by repeated cycles of argon ion bombardment and high temperature flashes. Cleaning of the nickel sample required in addition prolonged hot oxidation at lo-' Torr, oxygen pressure and subsequent annealing in hydrogen at lo-' Torr. Subsequent sample contamination by the residual gas in the vacuum could usually be removed by sample flashing. Sample cleanliness was monitored by SXAPS. Comparative studies in our laboratory have shown that the detection limit for carbon and oxygen contamination is below that of retarding field Auger analysis, especially in the case of carbon. Note, however, that this statement does not refer to the respective sensitivities since considerably higher probing currents are used for SXAPS compared to RFA analysis. To ensure that oxygen beyond our detection limit did not influence the observed spectra the (by our standards) clean samples were deliberately exposed to oxygen. Visible changes of the spectra did not occur for exposures in excess of 30 L of oxygen. We attribute this apparent insensitivity to the highly localised nature of the core hole production process. Experimentally obtained SXAP spectra for Cr, Fe and Ni are displayed in figure 1 as full curves. They are essentially identical to results previously published by Park and Houston (1972) . The corresponding densities of states obtained by inversion of equation (1) are shown in figure 2 as broken curves, the full curves representing theoretical calculations. For chromium, we used the recent DOS data of Laurent et al(1981) . the iron data are from Singh et al (1975) and the nickel data from Wang and Callaway (1977) supplemented by data from Szmulomicz and Pease (1978) in the s-p band region. If we use the data of Szmulowicz and Pease (1978) consistently, the Fermi energy must be lowered by 100 meV to obtain good agreement with other results. The theoretical data were broadened in all three cases with a Gaussian curve of 0.7 eV FWHM. This accounts in part for the limited resolution of the apparatus, the remainder being attributed to intrinsic broadening mechanisms which are identified as phonon generation by Wertheim and Citrin (1978) . Additional broadening with Lorentzians of variable width was applied in order to account for the core level widths. Core level width data was taken from the calculations of McGuire (1971) . Since the derivation of the DOS from the experimental data involves taking a convolution square root and the widths of Lorentzians are additive upon convolution, only half the calculated widths, namely 0.18 eV, 0.23 eV and 0.3 eV FWHM were chosen. for Cr, Fe and Ni respectively. Normalisation of theoretical and experimental results was made at the d band maximum. Considering the state of the art in XPS for the 3d metals (Hufner P979) , the agreement between theory and experiment is in fact very good. As a minor but significant point, one realises in all three cases that the experimentally determined DOS in the region beyond the d band maximum is markedly higher than the theoretical prediction. This observation leads us to a further step of data reduction. It has been pointed out by Turtle and Liefeld (1973) that the energy distribution of electrons impinging on metal surfaces is degraded inside the solid by a variety of inelastic processes. Turtle and Liefeld determined this broadening, by observing the shape of core level photoelectron lines with energies corresponding to the Primary electron energy, in their isochromat experiment. Their result may be represented to sufficient accuracy by an energy distribution P(E,, E 2 ) given by (2) where a = 0.07 eV-l and 0 is a step function with height 1 for E2 < El. The numerical value of c( given above applies strictly only for El = 530eV. Due to the lack of corresponding data at the Llll core level binding energies relevant in this experiment, we have used the above value of c( in removing the broadening introduced into the determining the 2 parameters for the three materials at their respective Llll binding energies would improve the situation further must be left open to speculation at present. In conclusion, we regard the present results as a further convincing example demonstrating the potential of SXAPS. Last but not least, they lend considerable support to the underlying autoconvolution model used to describe the SXAP line-shapes.
Isochromat spectroscopy
Bremsstrahlung is produced in our experiment in a diode arrangement with the cathode earthed and the sample kept at the accelerating potential. The sample current (1975) . (c) Wang and Callaway (1977) ).
is integrated and the x-ray yield measured for a constant, pre-set charge. Since the filament work function of 4.5 eV enters into the energy balance (Ulmer 1961 )
where U is the externally applied voltage, upk the cathode work function and E,,, the mean thermal energy of the emitted electrons, we arrive at a rather low threshold voltage of 4.9 V for production of 9.7 eV photons. The distance between cathode and sample has therefore been made adjustable in order to ensure saturation of the diode for currents of 100 pA, already slightly below threshold. Space-charge induced energy broadening is thus avoided. The very high overall sensitivity of our spectrometer, of 1-2 x lo7 counts C-' enables us to complete an isochromat measurement of 64 points to better than 1% statistical accuracy, in about 15 minutes. Figure 3 shows the uncorrected experimental results as broken curves. In all three cases, a pronounced d band peak is observed followed by a slowly rising tail due to inelastic scattering. The theoretical results shown as full curves were taken from the Same references as in 42. For Cr and Fe, we used constant extrapolation of the given (1977) by suitable broadening. The spectrometer was tuned to a quantum energy hwo = 9.7 eV. data above 11 eV and 5 eV, respectively. The data were then broadened for the present purpose with a Gaussian curve of 0.5 eV FWHM and a Lorentzian of energy-dependent width describing the finite final state lifetime. This width was calculated from the empirical range energy relation (Seah and Dench 1979) E. = 143 E 2 + 0.054 (4) with E. in nm and E in eV, following Berglund and Spicer (1964) . It is, of course, negligible near the threshold, but rises to values of 1 eV FWHM at about lOeV above the threshold. The theoretical' prediction is seen to be considerably below the experimental result in the region of the inelastic tail. This region is strongly influenced by energy losses. Let P (El, E,) dE, be the probability that an electron of initial energy E , is scattered to a state with energy E 2 . Let I,@) be the rate of emission of photons with energy hwo without a preceding energy loss of the incident electron. The total rate of radiative emission IT for electrons with primary energy El will then be We have recently shown (Dose and Reusing 1980) that satisfactory agreement between theory and isochromat measurements for the 5d metals Hf, Ta and W is obtained if this inelastic correction is taken into account properly. P ( E 1 , E 2 ) was assumed to be entirely due to electron-hole pair production, and was calculated from the theoretical DOS using the random k approximation devised by Kane (1967) . As an example, we show the results of such a calculation for nickel in figure 4. These results are used to determine lP(,Fl) from equation (5) by straightforward sequential deconvolution. The probability density functions P ( E I , E,) show little structure compared to the strongly varying densities of states used as input data for the calculation, suggesting that the detailed structure of the input data is of secondary importance in this calculation. In fact, the corresponding functions for iron and chromium look quite similar. The resulting corrected isochromat spectra I,(E) are shown as full circles in figure 3 . The circle size exceeds the statistical uncertainty in all cases. The overall agreement between theory and experiment is quite reasonable especially in the case of nickel. The deviations in the region beyond the d band maximum should not be taken too seriously. They seem to indicate the limits of validity of our correction procedure. As a common feature in all three cases, one realises the large width of the d band peak when compared to the theoretical predictions. This is in contrast to XPS where experiment seems to produce d band peaks which are consistently narrower than predicted by theory (Hufner 1979) . The experimental peak width is also larger than that derived from SXAPS. Whether this is due to the strong localisation of core level excitation as opposed to bremsstrahlung emission remains open to discussion. As well as features common to all three samples, additional features in the case of iron deserve a special comment. The d band peak shows a pronounced shoulder at 2eV. Isochromat measurements by Turtle and Liefeld (1973) at a quantum energy of 530 eV even show a maximum at this energy which exceeds the first maximum. A corresponding structure is observed in the theoretical calculation. Assuming really clean samples, one would have to ascribe the difference between the two experimental results to a corresponding energy and symmetry dependence of the radiative transition matrix element. We found, however, that this structure is highly sensitive to contamination. Exposure Figure 4 . The probability of a transition of an electron with energy .El to a state with energy E2 by electron-hole pair correction is shown for nickel. The calculation was performed in a random k approximation (Kane 1967 ) using the density of states of Szmulowicz and Pease (1978) . The quantum energy hwo = 9.7 eV and E = .El -/ioo (eV).
to the residual gas in the vacuum system for only an hour leads to an increase in this structure which is just visible. At present it remains uncertain whether this structure is induced by surface contaminants with concentrations below our detection limit. This question is even more important in Liefeld's experiment due to the much longer data acquisition times in his case. Furthermore, no argon ion bombardment was applied for sample cleaning. On the other hand, iron poses problems also in XPS. Reasonable agreement between observed spectra and the calculated DOS is obtained only after the Fermi energy is shifted by as much as 0.5eV (Hiifner 1979) . No such shifts were applied to the data shown here.
The vertical scale in figure 3 has been given in absolute units as obtained from the theoretical calculations. The experimental data has been adjusted to the d band peaks. Contrary to appearance potential spectroscopy, isochromat spectroscopy offers the possibility of relating experimentally determined intensities directly to the DOS. For the peak height ratios, we obtain Cr/Fe = 1.6, in perfect agreement with theory, but Fe/Ni = 1.03, differing by a factor of two from the theoretical prediction of 2.1. These numbers are estimated to be accurate to within 20% confidence limits. We attribute the close agreement for Cr/Fe to the common BCC lattice structure of these elements.
Nickel, on the other hand, has a FCC lattice. It is suggested that the radiative transition element exhibits a corresponding structure sensitivity.
Conclusions
Out of the few available broad-band empty-state spectroscopies, isochromat and appearance potential spectroscopy have been successfully applied to the 3d metals Cr, Fe and Ni. Experimentally determined densities of unoccupied electronic states agree reasonably well with each other and with theoretical calculations. In particular this supports the simple autoconvolution model as a valid basis for the interpretation of SXAP spectra from the 3d transition elements.
